Previous studies have suggested that soy isoflavones exert anticarcinogenic effects against prostate cancer. We propose that soy extracts, containing a mixture of soy isoflavones and other bioactive components, would be a more potent chemopreventive agent than individual soy isoflavones. We compared the apoptotic effects of whole soy extracts and individual soy isoflavones, genistein and daidzein, on prostate cancer cells. The soy extract contained 50% w/w of total isoflavones with approximately 1:5.5:3.5 ratios of genistin, daidzin and glycitin, respectively. Benign prostate hyperplasia (BPH-1), LnCap and PC3 cells were treated with varying concentrations of soy extract, genistein or daidzein and analyzed for cell cycle alterations and induction of apoptosis. At equal concentrations (25 mmol/L), soy extract induced a significantly higher percentage of cells undergoing apoptosis than genistein or daidzein (P , 0.001). No significant changes in cell cycle arrest or apoptosis were observed in non-cancerous BPH-1 cells treated with soy extract, suggesting that the effects of soy extract may be tumor cell specific. On the contrary, both genistein and daidzein induced apoptosis in BPH-1 cells, suggesting that individual isoflavones may have cytotoxicity in non-cancerous cells. Soy extracts also increased Bax expression in PC3 cells, but no significant changes in nuclear factor kB (NFkB) activation were detected, suggesting that the induction of apoptosis was independent of the NFkB pathway. Food products that bear a combination of active compounds may be more efficacious and safer as chemo-preventive agents than individual compounds. This 'wholefood'-based approach is significant for the development of public health recommendations for prostate cancer prevention.
Introduction
Prostate cancer is the most common type of cancer found in American men; 1 however, prostate cancer rates are considerably lower in Asian countries. Migration studies have shown that the prostate cancer rate increased considerably when Asian migrants moved to the United States. Asian migrants (a high soy and tea intake population) have a lower incidence of prostate and mammary cancers than subsequent generations of Asian Americans. 2 The incidence of prostate cancer in Chinese, Japanese and Filipino men born in China, Japan and the Philippines were about half of those born in the USA. 3 These observations suggest that the etiology of prostate cancer is highly influenced by environmental lifestyle factors such as diet. It has been postulated that dietary factors found in the Asian diet, such as increased soy, may contribute to the decreased prostate cancer risk. A typical soy-rich Japanese diet consists of 25 -100 mg soy isoflavones/day (1 serving of traditional fermented soy food contains about 25 mg of soy isoflavones), while the typical American diet contains about 1 -3 mg soy isoflavones/day. 4, 5 The circulating soy isoflavone concentrations in Japanese men are at least 10-fold higher than Caucasian men, 6, 7 and increased soy consumption has been associated with a lower risk of prostate cancer. 8, 9 Even when soy consumption is moderately high, a dosedependent inverse relationship with soy intake and localized prostate cancer incidence has been observed in Japanese populations. 10 Although soy consumption appears to contribute to a decreased risk in prostate cancer, the precise mechanisms are still unclear.
Both in vitro and in vivo studies have theorized possible protective mechanisms of soy isoflavones, such as genistein, against cancer development. 11 -13 Soy isoflavones, which are classified as phytoestrogens, act as both estrogen agonists and antagonists by differentially binding to estrogen receptor a or b 14, 15 and/or altering enzymes involved in hormone metabolism. [14] [15] [16] Furthermore, soy isoflavone concentrates also induce G2/M arrest and p21 expressions in androgenindependent PC3 prostate cancer cells 17 and may act through hormone-independent pathways that target cell cycle or apoptotic mechanisms. For instance, genistein is a known inhibitor of protein tyrosine kinase 18 and topoisomerase II, 19 and upregulates p21 in various cancer cells. [20] [21] [22] Genistein also inhibits nuclear factor kB (NFkB), a transcription factor that regulates inflammatory and cellular proliferation pathways, and subsequently induces apoptosis in breast cancer cells 23 and prostate cancer cells. 24, 25 Nevertheless, there are still questions as to whether using high levels of soy isoflavones in humans is feasible and safe. Previous in vitro studies have often utilized supraphysiological levels (!10 mmol/L) of genistein in their treatment regimens to elicit effects, which may not be safe in vivo. 26, 27 It has been suggested that acute administration of high levels of soy isoflavones may not be beneficial. [28] [29] [30] In contrast, longer term treatment of these bioactive compounds at low doses, such as found in whole foods, may be a safer approach. It has been postulated that the interactions between various bioactive phytochemicals found in whole foods may work synergistically together to provide additional benefits. Conversely, these interactions may also interfere with their biological activity. 31 The present study was undertaken to compare the effectiveness of a soy extract versus individual soy isoflavones in inhibiting prostate cancer cell growth via regulation of apoptosis, cell cycle and NFkB activation pathways. Soy extract and individual soy isoflavones appeared to induce differential effects in PC3, LnCap and BPH-1 cells. These findings will help establish the foundation for using soy as a chemo-preventive dietary strategy for prostate cancer.
Materials and methods

Cell culture
Benign prostate hyperplasia (BPH-1) cells were generously donated by Dr Simon Hayward (Vanderbilt University Medical Center, Nashville, TN, USA), and malignant androgen-independent prostate cancer epithelial cells (PC3) and early-stage androgen-dependent prostate cancer cells (LnCap) were obtained from America Type Culture Collection (Manassas, VA, USA). All cells were grown and maintained in RPMI 1640 with glutamine (Mediatech Inc, Manassas, VA, USA) supplemented with 1% penicillinstreptomycin (Mediatech Inc) and 5% fetal bovine serum (Hyclone, Logan, UT, USA) for BPH-1 and 10% for PC3 and LnCap cells at 5% CO 2 atmosphere at 378C.
Treatments
Crude soy extract (AdvantaSoy TM Clear 900, Cargill, MN, USA), genistein (Sigma-Aldrich, St Louis, MO, USA) and daidzein (Sigma-Aldrich) powders were dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich). Control treatment consisted of DMSO at a final concentration matching the dose of treated cells and less than 0.1% of the final volume. The soy extract contains 50% w/w of total isoflavone content with approximate 1:5.5:3.5 ratios of genistin, daidzin and glycitin, respectively. Based on the manufacturer's analyses, soy extract also contained 5% protein, 3% ash and 10 -20% saponins. The soy extract concentration was calculated by using the proportional sum of molecular weights of soy isoflavone aglycone and glycosides in the soy extract. The treatment concentrations were calculated as the total soy isoflavone contents using the combined molecular weight. The majority of the soy isoflavones in the soy extract were confirmed to be in their conjugated, glycosylated forms (97%) with only about 3% as free aglycones by the high-performance liquid chromatographyultraviolet method. Previous studies have suggested that genistein exhibited its anticarcinogenic effects in prostate cancer cells. However, the dosages used in previous in vitro studies were higher than physiologically attainable levels. 12 Also, genistein exhibited biphasic effects on cancer cell growth in vitro, stimulating cell growth at low concentrations (less than 10 mmol/L) and inhibiting proliferation at high concentrations (more than 10 mmol/L). 11 To establish the effective dose range for soy isoflavones in our model system, we performed dose -response experiments where cells were treated with increasing doses (from 25 to 100 mmol/L) of individual soy isoflavones (genistein or daidzein) or soy extract for 24, 48 and 72 h.
Soy isoflavone analysis
Genistein, daidzein and equol aglycone concentrations in fresh and spent cell culture media (treated with 25 mmol/L soy extract, genistein or daidzein for 48 h) were analyzed by LC/MS/MS as described in references. 28, 32 Multicaspase assay After a 48-h treatment with soy extract, genistein or daidzein, adherent and floating cells were harvested and stained with sulforhodamine-valyl-alanyl-aspartyl-fluoromethylketone (SR-VAD-FMK), a fluorochrome-conjugated caspase inhibitor, and 7-amino-actinomycin D according to the manufacturer's instructions (Guava Technologies, Hayward, CA, USA). Cell populations were quantified using a Guava personal flow cytometer (Guava Technologies).
Cell cycle
After a 48-h treatment with soy extract, genistein or daidzein, adherent and floating cells were trypsinized and fixed in ice cold 70% ethanol at 0.5 million cells per milliliter. After incubation at 2208C for 12 h, cell pellets were resuspended in cellular DNA staining solution containing 40 mg/mL propidium iodide (Sigma-Aldrich) and 100 mg/mL RNase (Sigma-Aldrich). Cell cycle analysis was performed using a Guava personal flow cytometer. Histograms were constructed using MultiCycle V3.0 software.
Western blot analysis
Nuclear and cytosolic extracts from treated cells were collected using the Nuclear Extract Kit (ActiveMotif, Carlsbad, CA, USA) according to the manufacturer's instructions. Protein concentrations were determined by the Bradford method (Bio-Rad Protein Assay, Bio-Rad, Hercules, CA, USA). 33 Nuclear protein levels of proapoptotic protein Bax and Bcl-2 and proteins in the NFkB pathway, including p50, p65 (nuclear), IKKb, IkBa and p-IkBa (cytosolic) in treated cells, were qualitatively evaluated by Western blotting using the Invitrogen NuPAGE Western blotting system (NuPAGE Novex, Invitrogen, Carlsbad, CA, USA). Cell cycle markers such as p53 (CalbioChem, San Diego, CA, USA) and cMyc were also assessed. All primary antibodies specific against the proteins of interest were purchased from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA). Ponceau S red staining and b-actin protein levels were used as protein loading controls. Secondary antibodies were conjugated with horseradish peroxidase (Bio-Rad, Hercules, CA, USA), and proteins were detected by Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life Sciences, Boston, MA, USA) and imaged by the Alpha Innotech photodocumentation system. Quantifications and densitometry were performed using NIH Image J software.
NFkB enzyme-linked immunosorbent assay (ELISA)
NFkB DNA-binding activity was assessed by using transcription factor p65 and p50 ELISA kits (ActiveMotif, Carlsbad, CA, USA). Oligonucleotides containing the NFkB consensus site (5 0 GGGACTTTCC 3 0 ) were immobilized on a 96-well plate. The active forms of NFkB in the nuclear extracts were bound to the oligonucleotides on the plate and detected colorimetrically by spectrophotometry at an absorbance of 450 nm with a reference wavelength of 655 nm.
Statistics
Experiments were performed independently three times with triplicates for each biological sample. Data were analyzed using Graph Pad Prism V4.0. One-way analysis of variance and Dunnett's multiple comparison test were used to evaluate the statistical difference; Ã indicated P , 0.05 and ÃÃ indicated P , 0.01.
Results
Soy extract induced cell cycle arrest and caspase activation
We observed an induction in cell cycle arrest and apoptosis in prostate cancer cells 48 h post-treatment with both individual isoflavones and soy extracts. Greater than or equal to 100 mmol/L genistein or daidzein was needed to induce caspase activation and cell cycle arrest in LnCap and PC3 cells ( Figure 1 ). In contrast, 25 mmol/L of soy extract was able to induce caspase activation in LnCap and PC3 cells.
In androgen-independent PC3 cells, treatment with equivalent doses of soy extract (25 mmol/L) increased caspase activation and significantly increased the cell population in SubG1, but not in cells treated with individual soy isoflavones ( Figure 2) . Similarly, androgen-dependent LnCap cells had a greater sensitivity to caspase induction with soy extracts. Interestingly, the proapoptotic effects of soy extracts were more prominent in PC3 cells than in LnCap cells, as indicated by differences in the percentage of cells undergoing apoptosis. Despite the increase in caspase activity in LnCap exposed to soy extract, there was no increase in percent cells in the sub-G1 phase of the cell cycle. On the contrary, soy extract increased caspase activity and percent cells undergoing apoptosis in PC-3 cells. There were no significant differences in necrotic cell populations among treatments for both the LnCap and the PC3 cells (data not shown), suggesting that perhaps there is a delay in the LnCap cells in response to soy extracts in the transition from early apoptotic events to the DNA fragmentations that would be measured by the cell cycle analysis. No significant difference in cell cycle arrest or caspase activation was found in BPH-1 cells treated with soy extracts. However, in BPH-1 cells, 50 mmol/L of genistein and daidzein induced caspase activation, suggesting cytotoxicity with individual isoflavones even at lower concentrations. 
Soy affected BAX protein expression
To investigate subsequent events in the apoptotic pathways in prostate cancer cells, the protein expressions of Bax, BcL2, cMyc and p53 in nuclear extracts of treated cells were measured by Western blotting. Soy extract, genistein and daidzein increased Bax expression in PC3 cells (Figure 3b ), but not in LnCap cells (Figure 3a ). There were no significant alterations in p53, BcL2 and cMyc expression among treatment groups (data not shown).
No effect of soy extract on NFkB activation pathways
NFkB is a major mediator of inflammatory responses, cell proliferation and apoptosis. Expression of NFkB and its major regulatory proteins, including IKKb, p-IkBa and IkBa, were evaluated. Soy extract did not significantly change the translocation of p50 or p65. However, there was a trend for daidzein to increase the level of p50 translocation (P ¼ 0.078, t-test) (Figure 4a ). There was no significant change in NFkB binding activity with treatments (data not shown). There were no changes in NFkB inhibitory proteins in PC3 cells or LnCap cells associated with soy extract treatment (Figure 4b ), but daidzein induced higher levels of phosphorylated-IkBa ( p-IkBa) targeted for degradation. The increased degradation of IkBa would account for the increase in p50 observed in the daidzein group.
As indicated previously, no significant changes in apoptosis and cell cycle were observed in BPH-1 cells treated with soy extract. Similarly, there were no significant changes in the NFkB pathway with soy extract treatments observed in BPH-1 cells (data not shown). These results suggest that 
Discussion
Our study is one of the first to directly compare the effects of soy extract and individual soy isoflavones in inhibiting prostate cancer cell proliferation at physiologically attainable concentrations. Results from the present study suggested that soy extract was more effective at inducing apoptosis in prostate cancer cells than individual soy isoflavones at equivalent physiological concentrations. Moreover, the antiproliferative effects of soy extract were specific to prostate cancer cells, especially late-stage prostate cancer PC3 cells. Both genistein and daidzein induced apoptosis in non-cancerous BPH-1 cells, whereas soy extracts had no effect. This indicated that the combination of compounds found in soy extracts may be a more efficacious, safe and specific strategy for prostate cancer prevention.
Physiological levels of total plasma soy isoflavones are normally between 1 and 2 mmol/L, 34, 35 but higher concentrations can be achieved by the regular consumption of soy products, such as observed in Japanese men. 5 This kind of typical exposure results in aglycone concentrations of 10 -60 nmol/L (i.e. 1 -3% of the total is aglycone). High levels of genistein and daidzein (!100 mmol/L) were required to induce antiproliferative effects in prostate cancer cells (Figure 1 ). This finding agreed with previous studies, which demonstrated that relatively high doses of soy isoflavones (50 -100 mmol/L) were necessary to inhibit cell growth in breast and prostate cancer cells. 23, 24, 27, 36 Furthermore, the soy extracts used in our study contained mostly conjugated soy isoflavones. Analysis of aglycone concentrations confirmed that the parent soy extract contained very low concentrations of aglycone because it is predominantly in conjugated form (data not shown). After 48 h, LnCaP and PC3 cells convert ,50% of soy extract isoflavones to aglycones (Table 1 ). Despite the low concentration of aglycones, our results showed that this limitation did not affect the potency of soy extract in inducing apoptosis in prostate cancer cells. Further, although non-cancerous BPH-1 cells were highly efficient at metabolizing isoflavone glycosides to their aglycones, there were no corresponding effects on apoptosis. Our observations agreed with previous studies that soy extracts containing predominantly glycosides are able to induce anticarcinogenic effects in cell culture studies and that soy isoflavone glycosides can be hydrolyzed and metabolized by prostate cancer cells. 37 Further studies are needed to determine whether there are differences in the intracellular transport and utilization of soy isoflavones between cell lines. With current data, the formation of active aglycone isoflavones does not appear to be the limiting factor in the proapoptotic effects of soy extracts.
One of the mechanisms by which prostate cancer cells retain growth advantages may be through constitutive activation of the NFkB pathway. 38 NFkB modulates cellular inflammatory responses, cell proliferation, cell cycle and apoptosis. Previous studies by Davis et al. 24 showed that 50 mmol/L genistein inhibited NFkB nuclear translocation by reducing phosphorylation of IkBa. Our study showed that soy did not exert significant effects on NFkB. On the contrary, daidzein appeared to slightly increase p50 protein expression by increasing the degradation of IkBa in PC3 cells (Figure 4a ). It appeared that physiological concentrations of soy isoflavones have markedly different responses in prostate cancer cells than supra-physiological ones. Physiological concentrations of soy may be more effective at the initiation and promotion stages of cancer when NFkB acts to promote chronic inflammation, rather than at later stages where NFkB is already constitutively activated and deregulated. Future in vivo chemoprevention studies that investigate the effects of soy on NFkB and inflammation in prostate carcinogenesis will have more clinical values and implications.
Soy extract induced caspase activation ( Figure 2 ) without changes in Bax expressions in LnCap cells. On the contrary, soy extract induced caspase activation and cell cycle arrest in PC3 cells through Bax (Figure 3c ) and independent of NFkB activation. Soy isoflavones also exerted differential effects in LnCap and PC3 cells. In LnCap cells, soy isoflavones had no effects on caspases or Bax, but in PC3 cells, genistein and daidzein both up-regulated Bax without affecting caspase activation. A possible explanation may be that soy isoflavones regulate Bax expression, but other components of soy extract can additionally target other downstream proteins, such as the antiapoptotic caspase regulators, inhibitors of apoptosis (IAPs). 39 IAPs have been shown to protect cells from Bax-mediated mitochondrial disruption and inhibit activated caspases 40, 41 and prostate cancer cells, especially PC3 and DU145 cells, over-expressed IAPs. 42 The combination of up-regulated Bax and down-regulated IAPs could translate into caspase activation and apoptosis observed in soy extract treatments, but not individual soy isoflavone treatments. Furthermore, previous studies indicated that decreases in the expression of caspase 3 were correlated with increased prostate cancer Gleason grade, 43 and caspase 3 may be a critical factor in genistein-mediated antitumor effects in breast cancer cells. 44 Therefore, identification of specific caspases and regulators of caspases in future studies will further clarify the targets of chemoprevention by soy treatments.
Soy contains several compounds in addition to isoflavones that may have anticarcinogenic effects, such as saponins and protease inhibitors. [45] [46] [47] Although we did not measure the composition of these compounds in the soy extract, the Cargill manufacturer estimated the approximate content of saponins to be 10-20% in the soy extract. The possible synergy of these other phytochemicals and their effects are an important area for future mechanistic studies. Importantly, the combinations or matrix of bioactive compounds in whole food may have greater anticancer effects than individual bioactive components. For example, dietary supplementation with whole tomato product (tomato powder) was more effective than an equal level of lycopene supplement alone in inhibiting prostate cancer growth in vivo. 48 In soy research, a previous study has also shown that combined soy isoflavones were more efficacious than genistein or daidzein in inhibiting prostate epithelial cell growth in vitro. 35 In addition, the matrix of combined soy isoflavonoids and other compounds may provide more bioactivity than individual soy isoflavonoids. For example, it has been previously shown that the other non-nutritive components present in whole soy (i.e. soy flour) modified the phase II metabolism of isoflavone aglycones in the gut or liver and that this was the proximate cause for the reduction of estrogen-dependent tumor growth. 28 Following the same rationale, whether soy isoflavones interact with other components of soy and soy combines with other foods to form additional or synergistic benefits against prostate cancer cell growth will be of interest for future investigations.
In summary, soy extract was more effective in inducing cell cycle arrest and apoptosis than soy isoflavones in both earlystage (LnCap) and late-stage (PC3) prostate cancer cells. Soy extract induced cell cycle arrest at sub-G1, activated caspases and increased proapoptotic protein Bax expressions through NFkB-independent pathways. Importantly, the proapoptotic effects of soy extract appear to be tumor cell specific. The whole-food approach (soy extract) had limited toxicity toward healthy cells while effectively inhibiting prostate cancer cell proliferation; however, future in vivo studies are needed to evaluate and compare the effects of soy and soy isoflavones on prostate cancer. Taking the whole-food approach may be more efficacious, safer and cost-effective than individual compounds for the development of evidence-based public health recommendations and a chemo-preventive strategy for prostate cancer.
